One of the challenging questions in cosmology is the nature of dark matter particles. Fuzzy Dark Matter (FDM) is one of the candidates which is made of very light (mF DM 10 −22 − 10 −21 eV) bosonic particles with no self-interaction. It is introduced by the motivation to solve the core-cusp problem in the galactic halos. In this work, we investigate the observational features from FDM halo collisions. Taking into account the quantum wave-length of the condensed bosonic structure, we determine the interference of the wave function of cores after collision. The fringe formation in the wave function is associated to the density contrast of the dark matter inside the colliding galaxies. The observational signatures of the fringes of the distribution of the dark matter are (i) on the lensing of the background sources, (ii) accumulation of the baryonic plasma tracking the interference of the FDM potential and (iii) excess in the X-ray emission from dense regions. Finally, we provide prospects for the observations of quantum wave features of FDM in the colliding galaxies. The NGC6240 colliding galaxy at the redshift of z = 0.024 is a suitable candidate for this study. No signal is detected from the fringes in the Chandra data and taking into account the angular resolution of the telescope, we put constrain of m > 7 × 10 −23 eV on the mass of FDM particles.
I. INTRODUCTION
According to the standard cosmological Λ-Cold Dark Matter (ΛCDM) model, the Universe is made of about 68% dark energy and 28% dark matter with 4% baryonic matter [1] . The largest contribution of the energymomentum in the Universe is believed to be dark with an unknown nature. In the ΛCDM model, dark matter particles are modeled as the cold collisionless particles [2, 3] . That is remarkably successful in describing the Universe in the large scales from cosmic microwave background radiation to the formation of cosmic structures [4] . However, it seems that ΛCDM faces with many serious problems and tensions in comparison with the observational data in the small scales. One of the problems is that the CDM simulations lead to the singular density at the center, varying as r −1 , however the observational data indicate the smoothly varying core density. This inconsistency is called the core-cusp problem [5] [6] [7] . The other tensions of the standard model in the small scales are the missing satellites problem [8] , too big to fail problem [9] , alignment of the substructures in a galactic halo [10] . Beside that, all the attempts for the detection of the dark matter particles till now are not successful [11] . Accordingly, there are so many proposed models and suggestions developed in recent years in order to solve the CDM non-detection problem in one hand and to conceal the small scale crisis on the other hand [12] [13] [14] [15] .
One of the hypotheses that have taken attention recently as a new model to solve the CDM problems, assumes that dark matter is composed of very light Bosonic particles, forming Bose-Einstein Condensate (BEC) core [16] . Apart from its vast role in the condense matter physics, the BEC is thought to be an important concept in cosmology and astrophysics [47] . In this paper, invoking the physics of BEC, it provides a model for solving some of the problems of the dark matter physics in the small scales, where dark matter (DM) behaves as a coherent wave function [16, 22, 23] . One class of these models, assumes that the dark matter consists of very light particles with mass range of (m 10 −22 − 10 −21 eV) [24] , having the de Brogli wavelength of the order of kpc where the quantum mechanical behavior are important in these scales. This model often called Fuzzy Dark Matter (FDM) [48] .
One of the candidates for this type of dark matter particles is the Axion-like particles. This light bosonic particles seems to be well motivated in high energy particle physics [25] . They are also called Axion-like particles because one of them could be a candidate for the QCD Axion. Also, all the models of the string theory have at least several bosonic fields of such particles [24] .
In this scenario, taking light bosons as the dark matter particles, at the large scales, the predictions are the same as the CDM. However because of the quantum mechanical effects, it has different predictions in the small scales. This model can be taken potentially a good candidate for the dark matter, consistent with the observational data both in the large and in the small scales [26] . One of the features is the quantum pressure where in the gravitational collapsing systems such as galaxies stabilize the system and prevent the formation of cusp at the center of the halo. In the FDM hypothesis, the dark matter halo consists of a solitonic core that formed BEC at the inner region of the halo and a non-condensed dark matter particles at the outer region of the halo with a NFW profile [26] [27] [28] . Although it seems that FDM candidate solves many issues of DM, however some specific observations are necessary to verify this type of dark matter.
In this work, we investigate the observational features of FDM in the interference formation from the colliding galaxies. We take into account the collision of the two solitonic waves as the core of two colliding galaxies. The wave-like nature of the core can affect the dynamics of the halos in collision and it can be observed in the various features of a gravitating soliton-soliton collision. In this direction, there are some simulations in one-dimensional FDM collisions [29] [30] [31] [32] . Due to the interference, a pattern in FDM density field with the corresponding gravitational potential is generated. While this structure is dark and difficult to detect, the gravitational potential-fringes can be a potentially prominent observable, playing the role of the gravitational lensing to deflect the light of the distant cosmological sources. The effect would be both traced by shear and the convergence. In this work, we calculate the strength of the gravitational lensing by the colliding galaxies. Also, we investigate the gravitational interaction of baryonic matter with the interference pattern gravitational potential of the FDM. For two dissipative and non-dissipative regimes of the baryonic matter, depending on the cooling time-scale, we calculate the dynamics of the baryonic matter profile within the gravitational potential of FDM. Due to heating mechanism, the baryonic matter form hot plasma during the collision of the two galaxies and we expect to observe the ripples in the plasma profile from the X-ray measurements.
The structure of this work is as follows: In Section (II) we calculate the mass density profile and column density of DM after collision of the two halo cores. In Section (III) we calculate the lensing effect due to the fringes from the collision of the galactic halos. Also, we derive the shear and the convergence signals from the lensing. In Section (IV), we calculate the ripples in the profile of baryonic matter, resulting from the gravitational interaction of baryonic matter with the interference pattern of the dark matter. Also, we investigate the intensity of the X-ray radiation from baryonic matter. Finally in Section (V), we address the comparing of the theoretical predictions to the observational data. The conclusion is given in Section (VI).
II. COLLISION OF THE TWO FDM SOLITONIC HALO CORES
In this section we study the theoretical background of the FDM and two halo core collision in this theory. In the non-relativistic regime, we study the dynamics of a coherent gravitational self-interacting massive scalar field. The dynamics of the wave function ψ, representing this field follows the Schrodinger-Poisson (SP) equations as [32] 
where ψ is the wave function, U is the gravitation potential of the system and m is the mass of the FDM particles. In this equation the density is defined by ρ = | ψ 2 |. One can use the Madelung transformation [33] with writing the wavefuction as ψ( r, t) = ρ( r) exp(iS( r, t)/ ), in which we can read the velocity from v = ∇S/m. If we substitute this wave-function in the SP equations, separate the imaginary and real parts we obtain [34] ∂ρ ∂t
With the Poisson equation, this is an equivalent hydrodynamic description of the SP equations. Here, Q is the quantum potential which defines as
This term causes a pressure known as a quantum mechanical pressure. The gravitational interactions tend to contract the system and on the other hand, the quantum mechanical pressure has a repulsive effect on the wave function and causes the wavefunction broadening. In the stationary state, these two effects stabilize the system and make a soliton core. We define the r c as the core radius, where the density reduces to half of its maximum value. This radius can be obtained from numerical solution of equation (4) and the mass enclosed in this radius can be considered as the core mass
where for the large mass of the solitonic core, the corresponding radius is smaller. Simulation based on these equations for FDM in the comoving frame is applied to investigate the structure formations in universe filled with FDM, where the fitting function for density from simulations is as below [26, 32] 
where ρ c (r) is the density of condensate state and ρ 0 which known as the the core's central mass density is given by
Also, the core size and the halo mass (M h ) has the following relation
in which we normalized the halo mass to the mass of Milky Way and the FDM particle mass is normalized to 10 −22 eV. In this work for simplicity we take the approximation of constant density for the solitonic core. Unlike to the center, the outer region of FDM halo behaves like the NFW profile [26] . In other word, the halo profile would consist of two regions of the core at the center and NFW at the outer region. The transition between these two phases happens in some distance larger than the core size [35] , we call this transition distance r t . Then, the mass density of halo could be written as follows [28] :
where the Θ is the Heaviside function and ρ N F W (r) is the NFW profile for the outer parts of halo. Now we take the collision of two solitonic halo cores in the FDM model. The general analysis of this problem needs to take into account the mutual gravitational interaction of the two halos and the effective quantum mechanical pressure in the dynamics of the system according to the SP equations. Simulations which investigate the collision of the two solitonic cores shows that depending on the velocity of the collision we can have multiple interference fringe in the mass density [29] [30] [31] [32] 36] . As a result they showed that if the system is unbounded, in other words, the total energy of the system is positive the two solitons which pass through each other would not experience significant change in their profiles. On the other hand, if the two solitons with the core of size r c , merges and form a bound system, after relaxation it form a stationary state and the stability length from equation (6) decrease to r c /2.
In this work we investigate the unbounded collisions in which during the collision of the two solitons, the superposition of the two waves produces the interference pattern which results in interference pattern in the mass density profile of the two systems. For simplicity we take a flat wave for each soliton with a cut-off to confine these waves. Then from the superposition of the two waves, the overall wave function is: ψ( r, t; r 1 , r 2 ) = ρ 1 ( r − r 1 )e i( k1. r+φ+ωt) + ρ 2 ( r − r 2 )e i( k2. r+ωt) , (11) where ψ is a function of coordinate r = (x, y, z) and time and also r 1 and r 2 which are the positions of the centers of the two solitons with respect to their center of mass, ρ 1 ( r − r 1 ) and ρ 2 ( r − r 2 ) are the density profile of the solitons, k 1 and k 2 are the wave-numbers corresponding to each soliton and φ is their relative phase difference. We take a top-hat profile for the density of solitons. The overall density would be ρ( r, t) = ψ( r, t)ψ( r, t) which results is
whereρ 1 andρ 2 are the constant density of solitons within the radius of R 1 , R 2 . As we discussed before, we assume that the colliding solitons are in an unbound state and they are in their primier encounter. Accordingly the gravitational interaction of them do not change the size of cores, as the relaxation time is much larger 
FIG. 2:
A snapshot of the interference of two halo solitonic cores. The larger halo has the radius of √ 2 times larger than the smaller halo(which has a radius of 2) . The wavenumber for the small halo is kŷ, and the larger soliton, that is −kx with equal size of k = 10. We normalized the mass density to the mass density of the smaller soliton. The x and y axis are in arbitrary units. than the encounter time. This assumption is supported by the solitonic collision simulations [29] [30] [31] [32] 36] .
Since the unperturbed solitons follows the step function profile, the first two terms in Eq. (12) provide constant terms while the third term results from the the interference of the two waves. Analogue to optics, we can define a parameter which shows the visibility of the interference as ν = (ρ tmax −ρ tmin )/(ρ tmax +ρ tmin ), in which the index max and min indicates the maximum and minimum value of the total mass density. In our case from equation (12) we get ν = 2 √ρ 1ρ2 /(ρ 1 +ρ 2 ), this parameter changes from zero to one. For the case when two solitons mass density are equal, the interference visibility would be maximum.
In what follows we calculate the column density of the two colliding solitons. We will use this parameter for studying the gravitational lensing from this system. For simplicity in our calculations, we use the polar cordinate ξ = ξ (cos(a), sin(a)), where ξ 2 = x 2 + y 2 and a is the angle of ξ with respect to x axis . For the colliding solitons, the vector of wave number can be decomposed in the (x, y) plane and z axis as k 1 = k 1ξ ξ 1 + k 1zẑ and k 2 = k 2ξ ξ 2 + k 2zẑ whereξ represents the unit vector along ξ .
The column density of the merging system in this new coordinate system is given as
in which ∆k z = k 1z − k 2z , and r 1ξ and r 2ξ are the positions of two soliton in the plane of projection to our line of sight. For simplicity in the form of equations we de-
as the background column density in Eq. (13). The second term in this equation results from the interference between the two solitons. The non-perpendicular direction for the relative velocity of the two solitons with respect to the line of sight results in a combination of the linear and the circular pattern of the interference, that results from the equation (13) . The linear part results from the component of wavenumber perpendicular to the observer. This pattern in x − y plane has slope (2) ). It is worth to mention that the orientation of the fringes depends on the direction of the initial k-vectors and the width of the fringes depend on their relative velocities. For the head-on collisions, we set the line of sight in the z-direction and the line of collision (i.e. n =k 1 −k 2 ) to be in x-z plane. This is equivalent to choosing a coordinate where y axis components for wavenumber vectors (see Fig. 1 ) set to zero in Eq.(13), accordingly we will have the column density as follows
in which the ζ is the angle between the line of collision and the x axis. In the next section, we will study the gravitational lensing of two fuzzy dark matter core collision.
III. GRAVITATIONAL LENSING OF COLLIDING TWO FDM CORES
The gravitational lensing of the two FDM core collision is important from the observational point of view. Since the FDM has no electromagnetic signal, we may prove its existence from the gravitational lensing effect. The most important signal of FDM in the colliding galaxies would be the detection of the interference pattern which does not happen to the ordinary dark matter.
In order to calculate the lensing effect for the interference mass density profile, we assume the thin lens approximation which is applicable for this system. The deflection of a light ray crossing projected mass distributed Σ( ξ) at ξ is given by [37] .
In Figure ( 3) a typical lensing situation is depicted. A lens located at the distance of D l and the source at distance D s from the observer and the distance between the lens and the sources is D ls . The lensing equation is given by
where ξ is the physical distance of images and η is the distance of the source from our line of sight to the position of lens. For simplicity, we use the following coordinates of η = D s β , ξ = D l θ. The lens equation is rewritten as
It is convenient to write this equation in dimensionless form. So, by defining χ = ξ/R, in which R is the actual size of the lens and Υ = η/η 0 where in this definition η 0 = RD s /D l , accordingly the equation (16) simplifies to
where we defined α d = D ls D l DsR α d . We can also define the convergence as below
where Σ cr is the critical mass density and defined as:
The deflection potential related to the κ throughout
where ∇ is derivative with respect to cosmological comoving distance. It also related to the deflection of light ∇Ψ( χ) = α d ( χ). Now by using the Green function in two dimension, the deflection potential is
In order to study the effect of FDM on the lensing convergence, we use the definition of the column density from the collision of the two cores in Eq. (14), then the κ is given by
where integrating Eq. (22) for a simple case assuming the two colliding halos have the same mass, we get the result of
where the dimensionless function of F is given by
in which
In what follows, for simplicity we will calculate the dimensionless F function. The lensing potential obtain by multiply it to the corresponding factor K = 16GRD ls D lρ /(c 2 D s ) in Eq. (24) . Figure (4) represents the deflection angle (α d ) for a lens results from the collision of the two solitons where at the inner region there is an interference pattern. As we expected the deflection decrease with the inverse of the scale outside of the lens. Deflection angle can be measured from (21) . Also the distortion of the image is given by the Jacobean of the equation (18) as follows
Here is the distortion matrix as follows
where we adapt the following conventional notation of
Then martix A can be written in a simpler form of
The first term which induces an isotropic distortion results from the convergence alone, the second term socalled shear stretches the image along two directions. We can write the shear matrix in a coordinate rotated by an angle δ such that
Where γ t = γ 2 1 + γ 2 2 is the magnitude of the shear, and δ describes it's rotation orientation. The magnification factor, µ of the lens can be compute by: For small value of the convergence we will have µ = 1/det(A) 1 + 2κ. In what follows we will show how the collision of solitonic cores can introduce the lensing effect both in weak and strong regimes.
Figure (5) shows the deflection potential and deflection angle with shear parameters for the case of collision phase of φ = 0 . In all the Figures, we have omitted the constant coefficients and worked with the normalized deflection potential. Assuming the lens size is equal to core radius, K can be written as:
where = D l /D s . Assuming that the source is at the distance of 150Mpc with = 1/2, the deflection angle from the potential is as follows
In Figure 6 , we plot the convergenvce (panel a) and the magnification (panel b) for two solitonic interference lens in x-y plane. We normalize the wavenumbers to k where k = 1/r c . The normalized wavenumber (k/k * ) is set to be 20 with the collision phase of φ = 0. Also the observational angle is zero. In Figure (6) , the panels (a1,b1) is shown for K = 0.01 and (a2,b2) for K = 0.08. For small value of the convvergence we have the weak lensing approximation, where in the larger ones the approximation µ ∼ 1 + 2κ does not work and we are in the strong lensing regime.
In Figure (7) we show spherical-symmetric mass density (e.g. elliptical galaxy) which is projected in the x-y plane and the distorted image after the effect of gravitational lensing for two colliding FDM. Our aim is to find the footprint of FDM hypothesis with the gravitational lensing methods in dark matter halo cores collision. In the case of detection of fringes in the κ, γ 1 and γ 2 functions from the weak lensing and measuring the wavelength of the pattern of the fringes, we can measure the Axion's momentum and consequently derive the mass associated to these particles.
The collision can happen with various phases between the two solitons. In the case of out of phase (φ = π) collision, when the solitonic cores meet each other, destructive interference occurs by creating a void region between the two solitons. So for example in a collision of dark matter halos, with cores that consist of baryonic matter, this quantum behavior could cause an offset between this two components. as proposed in reference [38] , this may explain the observational offsets between baryonic matter and dark matter, like the one that have been observed in Abell 3827 cluster [39, 40] . We will discuss the observational prospects of this method in section V. In upcoming section we address the evolution of baryonic matter in the colliding solitons gravitational potential as another probe to detect the FDM effects.
IV. THE BARYONIC PARTICLES IN THE COLLIDING FUZZY DARK MATTER CORE
In this section we investigate, how the baryonic particles would be affected by the fringes that created in the process of collision of the solitonic part of the fuzzy dark matter. First, we need to find the gravitational potential of the dark matter distribution. Here, we neglect the contribution of the baryonic matters in the gravitational potential as the halo is dominated mainly by the dark matter. We use the Poisson equation
where ρ t is given by equation (12) for the head on collision. For simplicity we choose the line of collision alone x axis, the analytical solution of equation (34) results in In Figure (8) , we plot the dimensionless potential Φ t (x, y, z)/8πGρr 2 c for the case of φ = 0 phase collision. For simplicity in calculation, we separate the potential into a dependent and an independent term with respect to the x parameter as in equation (35) . The onedimensional potential form equation (35) is given by
We note that the constant term for potential is ignored in redefinition of the potential. In the next part we use this potential to study the dynamics of the baryonic matter in this background. We will investigate the possibility for the clustering of the baryonic matter under the gravitational potential of the dark matter.
A. The important time scales in FDM
In order to investigate the evolution of baryonic matter during the collision of FDM cores we need to compare the time scales of the physical events with each other. We start with the definition of the dynamical time t dyn = 1/ √ ρG [41] and substitute the density of core from equation (8),
).
Another important time scale is the crossing timescale, t cross , where the two solitons crossing through each other. By assuming that the collision happens with the relative velocity of v rel , the cross time scale is
where the ratio of this two time scale's using equation (9) is
This relation depends on the mass of FDM halo and relative velocity. The clustering of the baryonic matter happens for the condition of t dyn < t cross .
The other important parameter is the de broglie wavelength where we can compare this parameter with respect to the size of cores r c as
This parameter determines where this system has the quantum or the classical behavior. For the case that λ bB ≥ r c , the systems has quantum behavior, however we can not detect the interference pattern in this condition. Using the of equation (40), we find a critical velocity where for v ≤ v c the quantum behavior is not detectable
This relation shows that for the halo with the size of Milky Way, collisions with the relative velocities more than 750km/s are in favor of detecting quantum behavior in the collision. For the case of λ bB ≤ r c , we would detect the interference pattern from the quantum behavior, however, for λ bB r c , due to the limit in the resolution of the instruments, we will detect an envelope for the density pattern and miss detection of the quantum fringes.
The next time scale that we need to study is the cooling time scales. Assume that the system is consist of a hot gas and the pressure of this gas prevents system from collapsing. Since the pressure is proportional to temperature, losing energy with radiation makes the pressure smaller. The cooling process depends on the structure of the gas, metallicity as well as the redshift. We assume a simple case of completely ionized gas of electrons. The cooling time can be written as [42] t cool = 3 2
where n is the number density of particles and Λ(T ) is the cooling function which depends on two physical process of (i) the Bremsstrahlung radiation and (ii) recombination. Taking the core of galaxies with the dispersion velocity of the order of ∼ 100 km/s as Milky way galaxy, the effective temperature would be in the order of kilo-electron volte which is much higher than the recombination energy. So we would expect to have only the Bremsstrahlung radiation from the baryonic plasma with Λ(T ) ∝ T 1/2 . For an ideal baryonic gas, assuming power-law function for the profile of the density ρ(r) = ρ 0 (r/r 0 ) −α and pressure P (r) = P 0 (r/r 0 ) −β the temperature is obtained as follows
where ν = 1/2 corresponds to the Bremsstrahlung radiation. We note that the FDM at the core of halo has a constant density due to the quantum pressure. For ionized hydrogen in the gravitational potential of FDM, using relation (42) and the virial theorem, we obtain the cooling time as follows
The observational evidence from the X-ray emission from the center of galaxies provides that ρ F DM 100ρ H < 1 [43] . Now we compute t cross /t cool using the relations (39) and (45),
If the cooling time becomes very small in comparison with the cross-time scale we expect not being able to the detect the clustering of baryonic matter in the quantum fringes of the dark matter. From this relation we can obtain a constrain on the minimum velocity of collision
This condition also includes the constrain from equation (41) . Table (I) represents an examples for the case of having FDM particles with two different masses and related host halo dark matter and the core size, respectively. We calculate the ratio of cross time to dynamical time as well. Also, the values for the minimum relative velocity of the halos satisfying the quantum behavior.
B. The growth of the baryonic perturbation inside the potential of fuzzy dark matter
In this section we study the formation of the baryonic structures within the gravitational potential of FDM. The process of the structure formation can be categorized into two regimes of taking baryonic gas as a dissipative (i.e. t cool < t cross ) and non-dissipative ( i.e. examples of FMD particles mass in which for every mass we supposed two solitonic cores size (which related to the halo mass). vc is the minimum velocity in which the solitonic core radius becomes half of particles de broglie wavelength where for the speed lower than this, the cores radius becomes much smaller than the de broglie wavelength of particles and the interference could not appear. We also compute the tcross/t dyn for each case. . In what follows we study the formation of the brayonic structures for the non-dissipative condition.
In the picture of the baryonic structure formation, we study the rate of the falling baryonic matter into the potential given by the equation (36) . Here, we discuss the growth of the baryonic structure in the linear regime. This framework is suitable for the early stage of the dynamical evolution of baryonic matter. We begin with continuity and Euler equations
the first term of the gravitational potential from equation (35) is a quadratic term results from the corresponding density of the FDM matter. We call this term as the background term and the static condition for this structure is hold. In this case the gravitational contraction of the FDM and the quantum repulsive forces of the dark halo are equal. Note that we use "zero" subscript for the background terms and "one" subscript for the first order perturbation terms. The baryonic matter for case that the cooling condition is satisfied can contract in the gravitational potential. The quadratic term of the background potential (i.e. Φ 0 = −3π(x 2 + y 2 + z 2 )/4Gρ 0 ) results in a growth of the density of baryonic matter as ρ 0 ∝ t 2 . On the other hand, potential from the ripples (i.e. Φ 1 ) generates the density contrast of δ b = (ρ b −ρ b )/ρ b . For the velocity field we adapt zero average velocity field as an initial conditions. The pressure of baryonic matter is related to the density as p =p + c 2 s δρ b . Combining the three equations of (47), (48) and (49) , results in a differential equation for the evolution of the baryonic density contrast of
We note that according to equation (35), Φ 1 depends only to the x direction. We will discuss the solutions in the two conditions of (i) having cooling condition and the pressure term in equation (50) is smaller than the gravity term (i.e. c s → 0) and (ii) there is no cooling and the pressure prevents the condensation of the baryonic matter.
In the case of ignoring the pressure term compare to the gravity term, the solution for δ obtain as follows δ(x, t) = Ae ωt + B cos(kx).
(51)
where ω = 4πGρ b − c 2 s k 2 and B = −8πGρ 0 /ω 2 and ρ 0 is the central density of fuzzy dark matter. We also set the coefficients of A from the boundary conditions. Note that the k is the wave number of fuzzy dark matter which is equal to the wave number of potential of Φ 1 .
We adapt t = 0 correspond to a time that the density contrast is zero (i.e δ(x, t = 0) = 0). This condition provides A = −B. Then the solution of the equation (50) simplifies to
The solution is the exponential growth of the perturbation term. We note that the solution for the perturbation term is valid for ωt 1. Now we discuss the regime where the pressure term is larger than the gravity term in equation (50). Then the solution of this differential equation is δ(x, t) = 8πGρ 0 ω 2 (1 − cos(ωt)) cos(kx),
In which (ω = c 2 s k 2 − 4πGρ b ). This is a periodic density which its amplitude oscillates with the frequency of ω. We can call this mode as the acoustic mode for the baryonic matter. The essential condition for the observation of this mode is that the oscillation time scale of the density contrast should be smaller than the collision time scale of the two galaxies, in other word, t osc < t coll .
In the next section we will discuss on the observational features of the clumpiness of the baryonic matter within the gravitational potential of the dark matter.
C. Relaxation mechanism of baryons in collision:
Numerical investigation
The perturbation approach to describe the evolution of the structures is valid up to the beginning of nonlinear regime (i.e. δ < 1). After this phase, we use the numerical method to study the growth of the baryonic structure. In this work, we use an ensemble of particles of the baryonic matter, evolving in the potential that created when the two dark matter halo cores are collided and the fringe patterns in the potential is appeared. In this analysis, we assume a non-dissipative system (i.e. t cross t cool or c s = 0).
We note that the dark matter dominates in this system and the baryonic particles evolve solely by the dark matter gravitational potential. For simplicity, we use one dimensional potential for the dark matter from equation (36) . The main concern in this analysis is studying the evolution of baryonic particles in this potential. We examine relaxation time of gas and for the case of t relax < t cross , the baryonic structures form within the fringes of the dark matter gravitational potential.
For simplicity, we normalize time scale to the dynamical time t dyn = 1/ √ Gρ 0 and length scale with ch = 1/k. By diving these two scales, we define a characteristic scale for the velocity as
In what follows, we normalize time, length and the velocity to the mentioned characteristic scales. We also assume the collision is slow, by means that the time scale for crossing is longer than the dynamical time scale (e.g. t cross > t dyn ). This condition allows the baryonic particles to relax in the gravitational potential of the FDM. Figure (9) shows the trajectory of baryonic particles in the phase space with Maxwelian initial velocity after the particles fall into the gravitational potential generated by FDM. We note that the baryonic particles can heat up due to the collision of the bulges of the two galaxies. As the dynamical time is shorter than the crossing time (see Fig.10 ), the baryonic particles relax in the gravitational ripples by the FDM. From Figure (10) , the dispersion velocity of the baryonic particles converge to an almost constant value within a few dynamical time-scales. We note that the initial dispersion velocity of baryonic particles due to heating is larger than the virial velocity of the FDM structure (i.e. v v ch ). The result would be that baryonic particles move through the dark matter potential ripples and spend more times in the ripples. Summarizing this part, we have seen that the formation of the baryonic fringes happens in the following condition of t dyn < t relax < t cross . Table (I) represents these time-scales for two sets of FDM with different masses. This condition may satisfy for the cases that two halo are moving through gravitational attraction with a small relative velocity. 
where k B is the Boltzmann constant and m p is the baryonic mass of particles. The main radiation mechanism that causes cooling of the baryonic matter are Bremsstrahlung and recombination of ions and free electrons. The radiation rate depends on the square of the density. We can simplify the cooling rate as n 2 Λ(T ) where Λ(T ) is the cooling function. The contrast in the X-ray radiation due to cooling is proportional to the density contrast of the baryonic matter as,
It is worth to mention that due to equation 56 and Fig.(11) right panel, we know that the flux difference is in the order of the flux. So the flux limit of a detector in the same time can constrain the flux change of FDM effect as well.
For investigating the X-ray images, we refer to our previous results on the 1-Dimension analysis. We can conclude that the three dimensional baryons mass density at the final state follows the shape of the FDM three dimensional potential at the core, so the X-ray radiation can be written as (n 0 f φ (r)) 2 Λ(T ), in which the n 0 is average density of X-ray gas inside galaxies and f φ (r) is a dimensionless function which shows the shape of number density profile of X-ray gas and we can calculate with the gravitational potential profile of FDM in equation (35) as,
where the constant terms is the normalization factor. We know that the size of X-ray halo is much larger than the size of solitonic core of a galaxy (i.e r c r g ) and note that the total X-ray intensity received by the observer results from the core and the background radiation from the halo around the galaxy.
Integrating the X-ray radiation long the line of sight results in the intensity of X-ray on (x-y) plane as follows
Figure (12) represents the X-ray radiation intensity and ripples expected to be detected from the colliding FDM cores. In order to study the modes of the ripples, we plot the two dimensional Fourier transform of the image in the Figure (13) . The central part in the Fourier space shown two small dots along k x -axis which is dominant mode from the De Broglie wavelength of the solitons.
V. OBSERVATION PROSPECTS
In this section we discuss on the observability of X-ray ripples from colliding galaxies. One of the observational constrain is that the angular resolution of our instrument should be smaller than the angular size of the ripples. Let us assume a colliding galaxy at the distance of D z where the two galaxies with equal mass have a relative velocity of v. The angular resolution of the instrument (i.e. θ R ) has to satisfy the following condition between the mass and distance to detect the ripples, As we discussed before according to the equation (41) we have a constrain on the relative velocity of galaxies (i.e. v > v c ) to observe the interference pattern in the collision. Combining equation (41) with equation (59), we obtain a constrain on the distance of colliding galaxies to detect the interference pattern,
where θ R is in arc-seconds. The Chandra X ray observatory has a resolution of 0.5 arcsec [44] . Accordingly we can search for colliding galaxies with the halo mass of 10 12 M , up to the distance of ∼ 80 Mpc.
FIG . 14: The constrains on the mass of halo as a function of redshift, taking into account the sensitivity of Chandra telescope. Here we adapt m = 10 −22 ev, Λ(T ) = 10 −23 erg sec −1 cm 3 and n = 1 cm −3 . The red line represents constrain from the angular resolution of the instrument and the blue line represents limit from the background X-ray.
In the hasted area the X-ray fringes are not observable for the Chandra telescope.
The other observational constrain comes from the minimum brightness that enable observability of a source. Now we assume a soliton core with the radius of r c where baryonic matter has th density of n in this state. The total radiation intensity that we receive from this structure is
The X-ray source should be larger than the instruments sensitivity threshold (i.e. I th < I G ) for the observation. This condition puts the constrain on the mass of halo as
here we normalized I th to that of the Chandra's threshold. This relation puts an upper limit on the maximum mass of the halo for the detection of quantum ripples. A. Searching quantum mechanical characteristic in the X-ray images of colliding galaxies
We investigate the X-ray images from the Chandra telescope to identify the colliding galaxies where the cores of the galaxies being in the merging stage. We examine NGC 6240 collided system ( [46] ) for possible detection of X-ray fringes. Figure (15 ) shows this colliding system. Figure (16 ) also shows the intensity of the core in X and Y directions around the core of colliding galaxies. For this system the large size of pixels compare to the size of core produces discrete distribution for the intensity of X-ray and with the large size of pixels we can not confirm or rule out the fringes in the X-ray intensity profile. This system has a mass in the order of Milky Way galaxy and at the redshift of z = 0.024. Comparing the parameters of system with Figure (14) , this galaxy is below the resolution of Chandra and we can not resolve the possible fringes in the X-ray profile. In order to investigate the small features in the intensity profile of this system, we need telescope with higher angular resolution to be smaller than the following value
where m is the mass of FDM particles. Accordingly we can assert that Chandra put a lower limit on FDM mass ∼ 7 × 10 −23 eV due to the Eq.( 63).
VI. SUMMARY AND DISCUSSION
The cold dark matter challenges in small scale and nondetection of DM particles is a strong motivation to look for beyond the standard model of CDM. In this direction, fuzzy dark matter is one of the favorite models which address more than one of the problems in the small scales due to its quantum mechanical properties. One of the signatures of the quantum mechanical effect of FDM is its interference pattern in the colliding systems. In this work, we focus on the observation prospect of detecting this type of patterns. We propose that the gravitational lensing effect and the X-ray emission from the distribution of baryonic matter in potential wells of FDM are plausible observational candidates.
For the case of gravitational lensing we derived all the lensing parameters for this system and discussed how these parameters depend on the properties of the FDM. In this direction, we proposed that the lensing convergence maps and the magnification pattern can be used as observational quantities to detect the quantum properties of FDM.
We discussed on the clustering of the baryonic matter inside the ripples of the gravitational potential from the collision of the halo cores. The fuzzy dark matter sources the gravitational potential of the Poisson equation, where we studied the evolution of the baryonic matter in the potential configuration of two solitonic colliding cores. The prediction of the linear theory for the colliding cores is an exponential growth in density contrast and also some ripples on the density field are caused by the baryonic pressure. Also, we studied the nonlinear evolution of non-dissipative baryonic matter by tracking the evolution of the test mass in the mean field of the dark matter potential. The evolution of the ensemble of the particles results the clumpiness of the baryonic matter with the same shape of the gravitational potential of FDM. By studying the evolution of the particles in the phase space, we observed that in the order of ∼ 30 times of the dynamical time-scale the baryonic fluid relax at the gravitational potential of the dark matter. Finally, we associate a temperature to the baryonic matter and resulting X-ray radiation for plasma. We showed that in the X-ray pattern, we would expect to detect a contrast in the intensity which is a straightforward effect of the quantum nature of FDM.
Finally, we discussed the feasibility of the observations of lensing and X-ray fringes. Accordingly, the threshold of observations due to resolution limit is discussed for both cases. For the X-ray, we studied the limiting flux as well. Combining these two constrains, we obtained an upper limit on the maximum mass of the halos with solitonic cores as function of redshift, in which the fringes can be observed in them. We have examined the catalog of the colliding galaxies for possible detection of fringes in the X-ray. The NGC6240 colliding galaxy at the redshift of z = 0.024 is a suitable candidate. Our study showed no signal from the fringes in the Chandra data and taking into account the angular resolution of the Chandra telescope, we put constrain of m > 7 × 10 −23 eV on the mass of FDM.
As the observational prospect, we suggest to observe the nearby colliding galaxies in the X-ray with high resolution instruments. However, we should note that the simplified model presented in this work for a colliding galaxies is a first approximation to the problem.
More sophisticated models are needed to study the distribution of the baryons and colliding solitons in this proposal. Higher resolution observation of colliding system can tighten the constraints on the mass of FDM. Finally, dedicated observation of lensing is needed by focusing on the colliding galaxies to consider them as a lens.
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